Cells that can take up exogenous deoxyribonucleic acid (DNA) are said to be competent. Under appropriate conditions, this uptake results in the formation of genetic recombinants. In the past, studies into the physiology of the competent Bacillus subtilis cell have been limited since the competent subset of the total recipient population is known to be quite small (18). Recently, it was shown that competent cells are less dense than normal vegetative cells (21) and that the competent cell population could be enriched considerably by isopycnic density centrifugation on gradients of 12 15 generations in logarithmic growth. This was accomplished by using so few cells in the initial inoculum (i.e., 5 x 103 cells/ml) that the cells were still in balanced growth after overnight incubation. Growth of the culture was followed turbidimetrically on a Klett-Summerson colorimeter using a blue filter no. 42. At 90 min after the cessation of log growth [growth plotted as the log2 of the observed optical density (OD)], the cells were diluted 1:10 into fresh medium (SpII) containing, in addition to the above components, 2 x 10-3 M MgCl2 and 5 x 10-4 M CaCl2. The recipient cells were incubated in this medium at 34 C, and the first wave of competence began to appear in the culture at 75 to 90 min after transfer. In many cases the competent cells were collected at maximal competence, concentrated 1OX, and fast frozen in SpII medium plus 10% glycerol. They were stored frozen at -70 C.
Cells that can take up exogenous deoxyribonucleic acid (DNA) are said to be competent. Under appropriate conditions, this uptake results in the formation of genetic recombinants. In the past, studies into the physiology of the competent Bacillus subtilis cell have been limited since the competent subset of the total recipient population is known to be quite small (18) . Recently, it was shown that competent cells are less dense than normal vegetative cells (21) and that the competent cell population could be enriched considerably by isopycnic density centrifugation on gradients of Renografin-76 (5, 12) . We have employed this enrichment technique in conjunction with density transfer (25) and marker frequency analyses (23) to investigate the structure of chromosomes in competent cells. Our results demonstrate that competent cells do have aligned chromosomes. At the time of maximal competence, these cells appear to contain one partially duplicated and one complete chromosome. The possible relevance of this configuration to the processes of genetic transformation and endotrophic sporulation is discussed.
MATERIALS AND METHODS Bacterial strains. All bacterial strains used in this investigation are induced mutations of B. subtilis 168 and are listed in Table 1 . Figure 1 shows 15 generations in logarithmic growth. This was accomplished by using so few cells in the initial inoculum (i.e., 5 x 103 cells/ml) that the cells were still in balanced growth after overnight incubation. Growth of the culture was followed turbidimetrically on a Klett-Summerson colorimeter using a blue filter no. 42. At 90 min after the cessation of log growth [growth plotted as the log2 of the observed optical density (OD)], the cells were diluted 1:10 into fresh medium (SpII) containing, in addition to the above components, 2 x 10-3 M MgCl2 and 5 x 10-4 M CaCl2. The recipient cells were incubated in this medium at 34 C, and the first wave of competence began to appear in the culture at 75 to 90 min after transfer. In many cases the competent cells were collected at maximal competence, concentrated 1OX, and fast frozen in SpII medium plus 10% glycerol. They were stored frozen at -70 C.
Fractionation of competent cells on Renografin-76. The method of separating competent from noncompetent cells on Renografin gradients is based on the methods of Cahn and Fox (5) and Hadden and Nester (12) . Competent cultures were centrifuged at 3,000 rev/min and suspended in 3.0 ml of 12.5% Renografin. They were then layered on an 18.0-ml step gradient of 31% Renografin (refractive index at 25 C = 1.3680 + 0.0005) over 9.0 ml of a 50% Renografin cushion. Centrifugation was carried out in a Spinco SW25.1 rotor at 20 C for 30 min at 13,700 rev/min.
Collection and washing of separated cells. After centrifugation, the top fraction of cells was removed with a serological pipette and washed thor-1075 purA16 ura leu-8 metB5 BC200
leu-8 metB5 thyA thyB a Gene symbols indicate mutations leading to requirements for the following: arg (arginine), ile (isoleucine), leu (leucine), lys (lysine), met (methionine), nia (niacin), phe (phenylalanine), pur (adenine or guanine), thr (threonine), thy (thymine), trp (tryptophan), ura (uracil (13), but in our preparations the competent cell has two, and occasionally more, nuclear bodies (Fig. 4) . This is in contrast to the results of Singh and Pitale (21) tent fraction. We observed few uninucleate cells in our preparations.
3H-labeled thymidine incorporation in competent and noncompetent cells. Analysis of DNA synthesis in the two cell fractions before maximal competence was difficult since separation was only possible at the time of maximum competence. In addition, the level of competence was decreased by limiting the thymidine concentration of the SpIl medium. To circumvent these difficulties, the following experiments were carried out. Strain BC200 was grown in SpI. Three identical samples were diluted 1:10 into SpII according to the following schedule. Sample A was incubated with 3H-thymidine for the full 75-min incubation period. Sample B was labeled with 3H-thymidine during the last 55 min of this period, and sample C was incubated with 3H-thymidine for the final 35 min of the 75-min period. In all samples, the amount of 3H-thymidine used was 5 ,Ci/ml. The cells were then fractionated and washed. Cell samples from the top and bottom fractions were processed for assay of 3H-thymidine into acid-precipitable material. To determine the amount of 3H-thymidine incorporated during the 0-to 20-min interval of incubation, the amount incorporated into sample B was subtracted from sample A. Likewise, to obtain the amount incorporated during the 20-to 40-min interval, the amount incorporated in sample C was subtracted from sample B. Finally, the amount incorporated into sample C determined the level of incorporation during the 40-to 75-min interval of the full 75-min incubation period. Figure 5 shows the results of the experiment. During the entire 75-min incubation period, competent cells incorporated about 40% of the total 3H-thymidine incorporated by the unfractionated cell population. The pattern of 3H-thymidine incorporation for the two cell fractions was very different. As observed in Fig. 5 , the competent cell fraction incorporated 3H-thymidine at a decreasing rate during the 75-min incubation period. About 33% of the total activity was incorporated during the 0-to 20-min interval, 4% during the 20-to 40-min interval, and 3% during the 40-to 75-min interval. In contrast, the noncompetent cell fraction incorporated 3H-thymidine at an in-J. BACTERIOL. creasing rate during the 75-min incubation period. Only 6% of the total activity was incorporated during the 0-to 20-min interval, 5% during the 20-to 40-min interval, and 49% during the 40-to 75-min interval. This result is consistent with other reports that competent cells do not synthesize DNA at rates equal to the total population (16) .
Marker frequency analysis of transforming DNA extracted from competent cells. Marker frequency analysis allows one to determine the frequency of any given marker relative to a reference marker, usually a terminal one such as metB5 (23) . The results of such an analysis aid in determining the configuration of chromosomes in competent cells. For this analysis, DNA was extracted from competent cells collected from several Renografin gradients. Reference DNA used in the analysis was spore DNA extracted from a spontaneous wild-type revertant of strain BC34.
The results of this analysis are summarized in Fig. 6 . It is clear from these data that none or very few of the chromosomes had completely replicated to the terminus, since the purAl6/metB5 ratio is 2.0. The abrupt discontinuities of the marker frequency ratios between purA and purB and between nia and trp further show that all chromosomes have replicated from the origin to the purA16 locus and that about 50% of the chromosomes have replicated from the origin to the nia locus. Apparently in this particular experiment, replication has not proceeded beyond the trp locus to the terminal marker metB5. These results indicate that about half of the chromosomes have replicated to the nia locus and the other half have replicated to the purA16 locus. Thus, chromosome replication in competent cells is partially synchronized.
Density transfer experiments with competent cell fractions. For density transfer experiments, competent cells were grown, fractionated, and washed as already described. They were resuspeinded in an enriched D2O-medium containing 0.4% deuterated algal hydrolysate, 0.2% deuterated algal extract, and 0.01% MgCl2 in deuterium oxide. Samples were removed at various times, and those samples determined to be closest to 25 and 50% increase in total DNA were selected for analysis on CsCl gradients. Figure 7 shows that all examined markers replicated during the first 23% increase in total DNA, but those markers located on the terminal-half of the chromosomes, ura-26, lys-21, ile-64, replicated to a greater extent than those on the proximal half. After a 50% increase in total DNA (Fig. 8) , all markers replicated equally, showing the proximal half of the chromosome to be most actively replicating. This observation, together with marker frequency analysis, suggests that only some of the chromosomes in a competent population were actively replicating and that the remaining chromosomes remained biosynthetically quiescent. The nonreplicated DNA observed in the gradients did not represent nonviable chromosomes since after 180 min of incubation in the D2O-medium, only 3 to 5% of the total DNA remained in the parental density region of the gradient.
The results described to this point show that, when these cells were placed in fresh medium, the half-duplicated chromosomes replicated preferentially. Replication activity was then greatest among the proximal markers, indicating that those chromosomes duplicated only a short distance from the origin were now actively replicating.
Comparison of DNA replication in competent cells and other cell samples. To determine whether the pattern of chromosome replication in our competent cell fractions was influenced by the separation procedure, it was decided to do density transfer experiments with cells in other phases of the growth cycle. We studied DNA synthesis in samples of early stationary-phase cells obtained by growing logphase cells 90 min after transition and cells taken from the bottom fraction of a Renografin gradient. All samples were treated in a manner identical to that described for competent cells. Figure 9 summarizes the results of the CsCl density gradients of these preparations. (The data were obtained by calculating the amount a marker replicated from the distribution of marker transforming activity in the gradient. The sample for the gradient was selected after 25 to 35% increase in DNA. Figure 9a is an illustration of the data presented in Fig. 7 in this manner.)
Log-phase cells were observed to be replicating their chromosomes in a random manner (Fig. 9b) , a result suggesting that the partial s nchrony of chromosome replication observed in Fig. 7 was not induced by our fractionation and washing procedures. The results obtained from the stationary-phase culture illustrated in Fig. 9c show a very interesting pattern. In this gradient, it appears that 50% of the chromosomes initiate replication at the defined origin and have transferred the purA16 loci to the hybrid density region, whereas other replication points are observed to be distributed toward the terminal portion of the chromosome. This pattern is similar to that observed by Copeland (6) for amino acid-starved B. subtilis 168. The noncompetent fraction of the recipient population demonstrates an obvious bimodal distribution of replication points centering around purB6 and the ura-26 loci (Fig.  9d) . In view of the fact that these cells are theoretically similar to those in Fig. 9c but have been collected approximately 0.5 generation later, one might hypothesize that the distribution of replication points observed near purA16 in Fig. 9c has moved to the ura region in Fig. 9d . These data indicate that the density transfer did not induce spurious synchrony in chromosome replication in the competent fraction of cells.
Marker transformation efficiency. An earlier study (9) indicated that transformation of a given marker is influenced by its replication. This relationship was examined again with the isolated competent fraction of cells. The fractionated cells were washed thoroughly, suspended in SplI medium, and incubated at 34 C. At given intervals, samples of cells were removed and exposed to 2 then normalized by the sum of these changes for all markers. The results represented in Fig.  10 clearly show that the efficiency of transformation for a given marker changes with time. The sequence in which they reach their maximal efficiency for transformation is the same as the order in which they replicate in the competent cell. The metB5 marker reaches maximal transformation efficiency soon after the competent cells are exposed to DNA. Then the thr-5 marker reaches its maximal efficiency followed by the leu marker. This sequence corresponds to the replication sequence in competent cells. Distal markers replicate first, followed by proximal markers. DISCUSSION Our results demonstrate that, although competent cells of B. subtilis have reduced biosynthetic capacity, they are latent in neither DNA, RNA, nor protein synthesis. This has been demonstrated previously. Nester and Stocker (18) noted that, although the killing rate by penicillin was generally lower for transformed cells relative to the total population, the killing rate for competent cells was significant shortly after DNA exposure. McCarthy and Nester (16) , comparing the kinetics of suicide of transformed and total cells in a recipient population exposed to 3H-thymidine, found evidence that about 50% of the competent cells were incorporating the isotope during the 30-min exposure period. Ganesan (10) has presented data indicating that, before exposure to transforming DNA, competent cells are sensitive to thymineless death and become resistant to thymine starvation only after they have bound the transforming DNA. These results suggest that one must be cautious in ascribing properties of DNA-exposed cells to the general physiological state of competence. In this light, our demonstration of DNA synthesis in competent cells is of little surprise and indicates that the study of the influence of DNA uptake on the physiology of recipient cells would be of importance.
The results from the marker frequency analysis indicate that about half of the chromosomes in the competent fraction may replicate as far as nia, a marker located on the distal portion of the chromosome, whereas some chromosomes in the competent cell population may replicate only as far as the purA16 marker, a marker located close to the origin. The density gradient experiments show that, when competent cells continue growth, those chromosomes duplicated to the distal region begin to replicate, whereas the remaining chromosomes do not appear to be replicating.
Nuclear staining of these competent cells shows the majority of them to contain two nuclear bodies. If we assume that each nuclear body corresponds to a single chromosome, either completed or partially replicated, there are two possible explanations for the data discussed to this point. The first possibility is that the competent cell population may be composed of two equally divided subpopulations. One subpopulation contains two chromosomes that have replicated to the distal position. The other subpopulation contains two chromosomes that have replicated only a short distance from the origin. The alternative possibility is that each competent cell contains one chromosome replicated to the distal position and a second chromosome replicated just beyond the origin. It is possible that the chromosome, replicated only a short distance from the origin, is actually completed in the competent cell and the treatment during enrichment of the competent cell might stimulate initiation and subsequent replication as far as the purA marker. Singh and Pitale (21) reported that competent cells produced by a growth regimen different from that used in this study contain only one nuclear body. If both uninucleate and binucleate cells can become competent, the number of chromosomes per cell may not be crucial for the development of the competent state. This feature of competency needs further study.
The possibility that competent cells contain two chromosomes, one partially replicated and the other completed, is an attractive model to explain other observations related to competence and sporulation in B. subtilis. As is the practice in most laboratories, we have grown our cells for competence development to the point at which events associated with sporulation should be taking place, but, because of cationic deficiencies in the competence medium, required reactions of the sporulation process are inhibited (4) . The configuration of the chromosomes, as described in this paper, could be identical to cells destined to form endospores and competent cells. This interpre-tation would predict that the nonreplicating chromosomes are complete and "potential spore genomes." Under conditions that would allow sporulation, these complete chromosomes would be packaged into spores.
If only completed genomes are packaged into spores, what is the fate of the partially replicated chromosome? It has been suggested that B. subtilis 168 cells having the potential to form endospores are binucleate (20) and that, in the bacilli, about 50% of the total DNA in a developing sporangium is lost upon disintegration of the mother cell and release of the mature spore (14) . Thus, if sporulation was allowed to proceed in a stationary-phase culture, the partially replicated chromosome would be sacrificed. The possibility that this ill-fated chromosome is the "potential transformant genome" is based on two experimental results. First, as shown in this paper, terminal markers (metB5) show the highest efficiency of transformation during early periods of competence relative to markers located at the beginning or middle of the B. subtilis replication map. Second, transformed markers are not found in spores obtained from cultures that have been exposed to DNA in competence medium and then transferred to sporulation medium unless they have been allowed to begin to divide and, perhaps, to rearrange their chromosomes (R. J. Erickson, and F. E. Young, submitted for publication).
These observations suggest that control of chromosome replication in sporulating cells may determine the chromosome that eventually is packaged into the spore. An interesting aspect of this control would be that, of the two chromosomes in the cell, apparently one is regulated differently from the other.
Our results demonstrate that, in competent cells of B. subtilis 168, the synthesis of nucleic acids is occurring in a slow and discontinuous manner. Chromosome replication is partially synchronized, as is cell division after the state of competence is lost. The data are consistent with competent cells containing two chromosomes, one completed and the other partially replicated. It was also found that the markers shown to be replicated early by density transfer experiments are also transformed most efficiently during the early phases of competence. These results support the hypothesis of Erickson and Braun (9) that an early step in the genetic transformation of B. subtilis 168 is enhanced by chromosome replication.
